We investigated the canonical ferroelectric response of a thin ferroelectric polymer film using a piezoelectric force microscopy method. The thin ferroelectric poly͑vinyliden fluoride-ran-trifluoroethylene͒ layer with a thickness of 5 nm was prepared on a ͑111͒ Pt/TiO 2 /SiO 2 /Si substrate by a Langmuir-Blodgett method. The flip speed into upward polarization in the thin ferroelectric polymer layer is faster than that into downward polarization because the adhesion strength of the fluorine atoms in the ferroelectric polymer layer with the Pt electrode is stronger than that of the hydrogen atoms.
Ferroelectric materials such as lead zirconate titanate ͑PZT͒ have been widely studied due to its high spontaneous polarization, piezoelectric strain, and piezoelectricity. 1, 2 As the Pb ingredient of the PZT may give rise to ecological pollutions, nontoxic alternative ferroelectric materials such as inorganic ZrSnO 3 and organic poly͑vinyliden fluoride-ran-trifluoroethylene͒ ͓P͑VDF-TrFE͔͒ are hot issues. [3] [4] [5] [6] [7] [8] [9] In terms of crystallization temperature, ferroelectric polymers ͑typically above 200°C͒ have a bigger advantage than inorganic materials ͑typically above 500°C͒. 1, [3] [4] [5] [6] [7] [8] Furthermore, the polymers can provide high flexibility, low cost, and easy fabrication processes for device applications such as nonvolatile memories. 8 Meanwhile, scanning probe microscopy ͑SPM͒ on ferroelectric domains has exhibited remarkable experimental results, such as observation of multiferroic BiFeO 3 domains and domain switching dynamics in PbTiO 3 thin films. 10, 11 Various applications of the SPM method such as piezoresponse force microscope ͑PFM͒, electric force microscope ͑EFM͒, and Kelvin probe force microscope ͑KFM͒ can also be used to switch ferroelectric domains and the readout. [10] [11] [12] [13] [14] In detail, the EFM and KFM methods can map surface potential profiles of ferroelectrics and the PFM method can readout a ferroelectric polarization as well as piezoelectric hysteresis. 12, 13, 15 In this study we report PFM domain dynamics in a thin ferroelectric polymer P͑VDF-TrFE͒ layer using the PFM method.
A thin ferroelectric P͑VDF-TrFE͒ ͑70/30 mol. % copolymer͒ layer with a thickness of 5 nm was prepared on a ͑111͒-oriented Pt/TiO 2 /SiO 2 /Si substrate using a Langmuir-Blodgett method. [5] [6] [7] [8] [9] 16, 17 The Langmuir-Blodgett method is able to deposit the P͑VDF-TrFE͒ onto the substrate by immersing ͑emerging͒ the solid substrate into ͑from͒ the liquid. Since the thickness of a single monolayer is about 0.5 nm, we fabricated the 5 nm thick P͑VDF-TrFE͒ layer by stacking ten layers. For crystallization, the thin P͑VDF-TrFE͒ layer was annealed at a temperature of 140°C. 7, 8 The surface morphology and roughness of the P͑VDF-TrFE͒ layer were observed by an atomic force microscopy method. Ferroelectric hysteresis loops were measured using an RT66A ͑Radiant Technologies, Inc.͒ test system at 1 kHz, where Au dot array with a diameter of 100 m and a thickness of 50 nm as a top electrode was thermally deposited on a P͑VDF-TrFE͒ layer. The Pt electrode below the P͑VDF-TrFE͒ layer was used as a bottom electrode. To investigate switching characteristics of a ferroelectric nanodot, we performed piezoresponse force microscopy study to switch ferroelectric domains and the concurrent readout of the domains under an applied electric field, where an Au-coated Si cantilever with a force constant k of about 3 N/m at a frequency of about 26 kHz was used as a conducting PFM tip.
We measured the ferroelectric hysteresis loop of the Au/P͑VDF-TrFE͒/Pt capacitor as shown in Fig. 1 , where the thickness of the thin P͑VDF-TrFE͒ layer is about 5 nm. Notably, in a very thin capacitor the coercive electric field E C increases with the decreasing thickness d, which can be expressed by
2 The Au/ P͑VDF-TrFE͒/Pt capacitor exhibits a high remanent polarization value of 8.4 C/cm 2 ͑2P r ϳ 16.8 C/cm 2 ͒ for a coercive electric voltage of about 3.0 V, which agrees with the previous results. 5, 6, 16, 17 The ferroelectric polarization is clearly saturated by a value of about 12.3 C/cm 2 for an applied voltage larger than 5 V. We found a small shift in the hysteresis loop as an imprint effect which may result from the different Au and Pt electrode materials of the Au/P͑VDF-TrFE͒/Pt capacitor.
We examined domain dynamics of a thin P͑VDF-TrFE͒ layer using the PFM method as a function of a domain switching bias and time. Figure 2 shows PFM images of nanodot array on the thin P͑VDF-TrFE͒ layer after switching the ferroelectric polarization. For a positive bias at the PFM tip, for example, after-switching ferroelectric domains exhibit negative PFM signals corresponding to the downward polarization. Figures 2a and b show that ferroelectric domain switching is performed for an applied voltage larger than 2 V and negatively larger than −1.5 V, respectively. From the PFM experiments, we can estimate a domain wall speed as a function of domain switching times between 100 and 500 ns. As the ferroelectric domain size l is proportional to an applied pulse width t, the z E-mail: yhshin.at.uou@gmail.com; hmjang@postech.ac.kr domain wall speed v can be expressed as v = l/t. For example, the domain wall speed is about 1.9 m/s for a switching bias of +5 V and the fastest domain wall speed is about 18.1 m/s for a switching bias of −5 V. Figure 3 shows the domain wall speed for several switching biases as a function of the inverse of an applied electric field E ͑or E −1 ͒. According to Merz's law, the domain wall speed is proportional to exp͑−͑R/k B T͒͑E 0 /E͒ ͒, where ͓R/͑k B T͔͒ 1/ E 0 is the activation field. 18 Here, we found two activation electric fields to switch a ferroelectric domain downward and upward in the thin ferroelectric polymer layer. We estimated the activation electric fields to be 260 and 411 MV/cm for negative and positive switching biases, respectively.
The two ferroelectric polarization directions of a thin P͑VDF-TrFE͒ film on a Pt electrode can be schematically illustrated, as shown in Fig. 4 . For the upward ferroelectric polarization, fluorine anions ͑F − ͒ provide attractive interaction with the Pt surface. 8, 19 Here, the polarization switching is performed by a nucleation process such that F − detaches from the Pt surface with an external electric field strong enough. For the downward ferroelectric polarization, the polarization switching is done by replacing F − by hydrogen cations ͑H + ͒. 8, 19 The adhesion strength of F − in the ferroelectric P͑VDF-TrFE͒ polymer layer with the Pt electrode is stronger than that of H + ; thereby, the activation electric field for a positive bias is larger than that for a negative bias. Furthermore, to switch ferroelectric domains using a PFM tip is different from that in a conventional ferroelectric capacitor ͑metal/ferroelectric/metal structure͒. The contact area of the PFM tip with a nanoscale diameter as a top electrode is extremely smaller than that of the bottom electrode. 20 Note that the depolarization charges are hardly formed in the absence of an electrode. 21 The PFM tip as a top electrode causes a substantial depolarization field drop, resulting in the domain-wall motion as well as domain stability different from those in the conventional capacitor. Therefore, domain wall switching between upward and downward ferroelectric domains has different aspects in terms of the activation electric field.
In summary, we fabricated thin ferroelectric P͑VDF-TrFE͒ films with a thickness of 5 nm on a ͑111͒ Pt/TiO 2 /SiO 2 /Si substrate by a Langmuir-Blodgett method. The ferroelectric polymer films exhibit canonical ferroelectric response, which is confirmed from the piezoelectric force microscopy study. The fastest domain wall speed is about 18.1 m/s for a switching bias of −5 V. The activation electric field difference between the upward and downward ferroelectric domains was observed in the ferroelectric polymer films, which results from nucleation mechanisms of ferroelectric domain switching. 
